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The monojet search, looking for events involving missing transverse energy (ET) plus one or two jets, is
the most prominent collider dark matter search. We show that multijet searches, which look for ET plus two
or more jets, are significantly more sensitive than the monojet search for pseudoscalar- and scalar-mediated
interactions. We demonstrate this in the context of a simplified model with a pseudoscalar interaction that
explains the excess in GeVenergy gamma rays observed by the Fermi Large Area Telescope. We show that
multijet searches already constrain a pseudoscalar interpretation of the excess in much of the parameter
space where the mass of the mediator MA is more than twice the dark matter mass mDM. With the
forthcoming run of the Large Hadron Collider at higher energies, the remaining regions of the parameter
space where MA > 2mDM will be fully explored. Furthermore, we highlight the importance of
complementing the monojet final state with multijet final states to maximize the sensitivity of the search
for the production of dark matter at colliders.
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Weakly interacting massive particles (WIMPs) are the
most studied and arguably the best motivated candidate for
particle dark matter (DM), as they are present in many
extensions of the Standard Model (SM). A particularly
appealing feature of WIMPs is that they should be
detectable with current or near-term experiments [1].
The plethora of DM models poses a challenge of how to
interpret DM searches in a generic way. One approach is to
classify the DM model by the particle mediating the
interaction. A particularly interesting class of models
involves the exchange of a spin-0 s-channel scalar or
pseudoscalar mediator, since additional scalars and pseu-
doscalars are a generic prediction of extensions of the SM
Higgs sector. Pseudoscalars are also particularly interest-
ing, as they are a common feature in many of the models
proposed to explain the spatially extended gamma-ray
excess around the Galactic Center observed with the
Fermi Large Area Telescope (Fermi-LAT) [2,3].
While scalars and pseudoscalars with a mass below
10 GeV can be probed by flavor-changing observables at
colliders [4], heavier pseudoscalars whose dominant inter-
action is with DM are particularly difficult to detect.
Pseudoscalar-mediated interactions result in a suppressed
tree-level spin-dependent interaction and an unobservably
small loop-level spin-independent interaction at direct
detection experiments, making this interaction inaccessible
for these experiments [5,6]. The most prominent collider
search for DM production at the Large Hadron Collider
(LHC) is the monojet search [7–10], which searches for
events with a high momentum jet from initial state radiation
in combination with significant missing transverse energy
(ET). As we will demonstrate (see also [11–13]), the
monojet search has limited sensitivity to pseudoscalar-
or scalar-mediated interactions.
In contrast, we show that multijet plusET collider searches
significantly extend the sensitivity of the LHC to these
interactions. These searches are designed to be inclusive and
probe a large region of the topological and kinematic phase
space, probing jet multiplicities ≥ 2 with several kinematic
variables, including ET and the scalar sum of the jets pT
(HT). Typically, the multijet plus ET final state has been used
to search for supersymmetry (SUSY) at the LHC. In this
Letter, we demonstrate that this final state also has excellent
sensitivity to the pair production of DM from pseudoscalar
and scalar mediators. This is because the production of
pseudoscalar or scalar mediators is typically dominated by
gluon fusion [14], which in turn generally leads to events
with higher jet multiplicity in the final state [15].
As an example of the utility of the multijet plus ET
searches, we apply our limits to a pseudoscalar model that
can account for the Fermi-LAT excess. We show that
current limits already exclude much of the Fermi-LAT
excess parameter space where the pseudoscalar’s mass
ðMAÞ is more than twice the DM mass ðmDMÞ. Future
limits at
ﬃﬃ
s
p ¼ 13 TeV will fully probe the remaining
parameter space where MA > 2mDM.
Monojet and multijet searches.—The benchmark pseudo-
scalar model that we consider is a simplified model following
the ansatz of the minimal simplified dark matter (MSDM)
models [16], which have four free parameters:mDM,MA, and
two couplings gDM and gSM. The interaction terms are
Lint ¼ igDMAχ¯γ5χ þ igSM
X
q
mq
v
Aq¯γ5q; ð1Þ
where χ is a Dirac fermion, the sum is over all quarks, mq is
the quark mass, and v ¼ 246 GeV is the Higgs vacuum
expectation value. Motivated by the minimum flavor viola-
tion hypothesis [17], we assume that the couplings of the
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pseudoscalar to quarks are proportional to mq. With
this coupling structure, the s-channel production of A is
dominated by gluon fusion. We adopt a simplified model
approach in this work, as it provides a more accurate
framework to characterize the results of collider DM searches
when the mediator is light enough to be produced [7,8,18].
This simple model can explain the Fermi-LAT excess while
remaining consistent with other constraints [6] and is a useful
proxy for the structure found in two-Higgs-doublet models
(2HDM) and in extended 2HDM that have mixing with a
singlet-like pseudoscalar (à la the NMSSM) [19].
The MSDM ansatz assumes that the pseudoscalar width
ΓA is fully determined by the decays to quarks, gluons, and
DM. The only free parameters affecting ΓA are the four basic
parameters fmDM;MA; gDM; gSMg. Expressions for ΓA are
given in Ref. [13]. ΓA is dominated by DM and top-quark
decay (when kinematically allowed), as mq=v does not
suppress these decays. We will focus on the regime where
MA > 2mDM in which case BRðA → χχ¯Þ is generally large
[20]. The collider signatures therefore involve the production
of A that decays to a pair of DM particles.
The monojet search at the LHC has been advocated as
the primary model-independent search for DM production
at colliders [7,8]. Events with a second jet may also be
allowed, but events with three or more are rejected to avoid
background contamination from processes with high jet
multiplicity, like top-quark production.
In contrast, the more inclusive αT [21], MT2 [22], razor
[23], orMHT-HT [24] multijet plus ET searches place fewer
constraints on the phase space. Each event is characterized
by the number of jets and hadronic activity HT, as well as
other kinematic variables. These bins are combined in a
likelihood fit and allow the multijet searches to take
advantage of different signal-to-background compositions
in these numerous search regions to attain better sensitivity.
For instance, while the CMS monojet analysis employs a
single inclusive ET bin with the ET threshold ranging
between 250 and 550 GeV, the MT2 search combines more
than 100 exclusive search regions. Similar kinematic selec-
tions and jet-multiplicity categorizations are utilized by the
αT and razor searches. These inclusive searches are an
important pillar of the search strategy for new physics at the
LHC, providing the best possible sensitivity to a large variety
of SUSY production and decay topologies [25]. So far, they
have largely been ignored for searches involving the pair
production of DM. A razor search was previously inves-
tigated in Refs. [26,27] but found a small improvement over
the monojet search. The search in [26] considered one
inclusive signal region, which was optimized for models
with a (axial-)vector mediator. Most of the events arising
from gluon-induced models, like scalar or pseudoscalar
exchanges, were rejected. In contrast, our analysis includes
all of the accessible signal regions of the MT2 search and
maintains excellent performance for a variety of signal
models. Unfortunately, Ref. [27] did not consider gluon-
induced models, so no direct comparison is possible.
To determine the sensitivity of these collider searches for
our model, we reinterpret the CMS monojet [9] and MT2
[22] analyses using the POWHEG BOX V2 generator [15,28].
This generates, at leading order with exact top-quark mass
effects, DM pair production together with one parton via
an s-channel pseudoscalar mediator. We use the fixed
width approximation, having checked that our results
match when the running width is used. We use the
MSTW2008LO parton distribution functions with renormal-
ization (μR) and factorization scale (μF) set to μ=2, where
μ ¼
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
m2χ¯χ þ p2T;j1
q
þ pT;j1, mχ¯χ is the invariant mass of
the DM pair, and pT;j1 is the transverse momentum of the
leading jet. Scale uncertainties on the cross section were
found to be Oð40%Þ [13]. To be conservative, we do not
apply aK factor of 1.6 as used in [11] to account for higher-
order corrections, since a computation of the next-to-
leading-order corrections with a finite top-quark mass is
not available. The events generated by POWHEG are
interfaced with PYTHIA 8.180 [29] for parton-shower effects
and hadronization. Finally, signal events are passed through
DELPHES v3.2.0 [30] for detector simulation.
Figure 1 shows a comparison of the expected 90% con-
fidence level (C.L.) exclusion contours from our monojet
and MT2 analyses in the MA −mDM plane (upper) for two
different coupling scenarios, gSM ¼ gDM ¼ 1 and 3, as well
as in the gSM − gDM plane (lower) for mDM ¼ 45 GeV and
MA ¼ 150 and 250 GeV. This comparison assumes 20 fb−1
at 8 TeV. Both planes show that the MT2 search possesses
significantly better expected sensitivity over the monojet
search. In particular, the MT2 search has the ability to
exclude large regions in the MA −mDM plane for both
FIG. 1 (color online). Comparison of the expected 90% C.L.
exclusion contours from our monojet (blue line) and MT2 (red
line) analyses. Regions below and above the lines are excluded in
the upper and lower panels, respectively. The expectedMT2 limits
are significantly better than the expected monojet limits over the
entire parameter space.
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gSM ¼ gDM ¼ 1 and 3, up to MA ¼ 350 and 550 GeV,
respectively, for small mDM. In contrast, for gSM ¼ gDM ¼
1 the monojet analysis does not find any limit, while the
reach inMA for gSM ¼ gDM ¼ 3 is more than 150 GeV less
than forMT2. The lower panel shows that, forMA > 2mDM,
the multijet plus ET analysis is expected to probe couplings
down to gDM ≃ 0.05 and gSM ≃ 1. In comparison, the
monojet search possesses sensitivity for gDM ≳ 0.12 and
gSM ≳ 2, consistent with the findings in [13].
Based on these results, we conclude that multijet plus ET
searches exhibit better sensitivity than the monojet analysis
over the entire parameter space. The improved sensitivity of
MT2 is a result of categorizing the search in bins of jet
multiplicity and several kinematic variables, allowing for
differences in signal and background in these various
categories to be exploited. We find that the low and
medium HT categories for two jets provide a large fraction
of the sensitivity for our pseudoscalar model. However,
significant additional sensitivity is gained by the inclusion
of low and medium HT categories with 3–5 jets. The
higher-jet bins are particularly important for our model,
since∼60% and∼30% of the events in the low and medium
HT categories, respectively, have gluon-fusion ðggÞ and
quark-gluon ðqgÞ production, which typically produce
more jets in the final state. The remaining ∼10% of events
are from quark antiquark (qq¯) or gluon heavy-quark initial
states. Having demonstrated the enhanced sensitivity of
MT2 over the monojet search, in the following wewill show
only limits from the MT2 analysis.
Constraining the Fermi-LAT excess.—The Fermi-LAT
observation of a spatially extended gamma-ray excess
around the Galactic Center has generated great interest,
since it may be explained by annihilating DM.
Unfortunately, many indirect detection signals, including
the Fermi-LAT excess, do not give irrefutable evidence for
DM because of large astrophysical uncertainties [31].
For instance, Ref. [32] suggests that the excess could be
explained by point sources (PS) that lie just below the current
Fermi-LAT threshold. While detecting members of the PS
population would corroborate an astrophysical origin for the
excess, a complementary signal in direct detection or collider
experiments is required to corroborate a DM origin.
A plethora of models involving a pseudoscalar mediator
have been proposed to explain the Fermi-LAT excess [6,33].
As pseudoscalar-mediated interactions are suppressed at
direct detection experiments, colliders are the most prom-
ising way to independently test a pseudoscalar-mediated
explanation for the gamma-ray excess. We therefore inves-
tigate the implications of the MT2 limits on the model
defined by Eq. (1), which can explain the Fermi-LATexcess.
We fit to the Fermi-LAT excess energy spectrum in [3],
assuming the DM halo follows a generalized Navarro-Frenk-
White profile with γ ¼ 1.26, rs ¼ 20 kpc, r⊙ ¼ 8.5 kpc,
and ρ⊙ ¼ 0.4 GeVcm−3. We shower the annihilation prod-
ucts with PYTHIA 8.186 [29]. For this model, we obtain
mDM ¼ 44:9þ5.3−4.6 GeV. As in Ref. [3], we find that values up
tomDM ≃ 65 GeV provide a reasonable fit (pvalue > 0.05).
For mDM ¼ 45 GeV and the halo parameters mentioned,
the preferred annihilation cross section is hσvi ¼
3.2 0.4 × 10−26 cm3 s−1. This is a factor of 2 larger than
values in Ref. [3], because we assume χ is a Dirac fermion
while Ref. [3] assumed a Majorana fermion.
The annihilation cross section for χχ¯ → A → qq¯ is
hσviq ¼
3m2q
2πv2
g2DMg
2
SMm
2
DM
ðM2A − 4m2DMÞ2 þM2AΓ2A
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
1 −
m2q
m2DM
s
: ð2Þ
This equation allows us to map hσvi ¼Pqhσviq to the
parameters in our model. The shaded blue bands in
Fig. 2 show the region consistent with the Fermi-LAT
excess. In all panels, we assumed mDM ¼ 45 GeV andhσvi ¼ 1.4–3.3 × 10−26 cm3 s−1. The lower value follows
from variations in the halo parameters, principally ρ⊙,
which may be as large as 0.56 GeV cm−3 [34] (the
annihilation flux Φ scales as Φ ∝ ρ2DMhσvi). The upper
value follows from the Fermi-LAT 95% C.L. upper limit on
hσvi from dwarf spheroidal galaxies [35].
To compare the region consistent with the Fermi-LAT
excess with theMT2 search, we establish both expected and
observed 90% C.L. limits. These are given by the dotted
black and solid red lines, respectively, in Fig. 2. To quantify
the compatibility of the expected and observed limits, we
also determine the expected 1σ and 2σ bands (shaded
green and yellow, respectively) with a toy experiment
technique using the reported background uncertainties in
FIG. 2 (color online). Comparison of the region consistent with the Fermi-LAT excess (blue shaded) and the observed (red line) and
expected (black dotted line) 90% C.L. exclusion contours of theMT2 analysis. The green and yellow shaded regions show the 1σ and
2σ bands of the expected MT2 limits. The black dashed and dot-dashed lines show projected limits at 13 TeV. The region above the
lines is excluded. In each panel, we fix mDM ¼ 45 GeV and one of fMA; gDM; gSMg, as indicated.
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Ref. [22]. The expected and observed limits also include a
20% systematic uncertainty on the signal yield, which is
typical for these searches [9,22]. For both bands we have
validated our implementation with the MT2 public results
and find good agreement. Based on the expected sensitivity
of theMT2 search shown in Fig. 1, we have chosen gSM ¼ 2
(left), gDM ¼ 1 (middle), and MA ¼ 150 GeV (right) to
illustrate the constraints the MT2 search places on the
Fermi-LAT excess. A resonance feature when MA ≈ 2mDM
is seen in both the Fermi-LAT region and the MT2 limit
in theMA − gDM andMA − gSM planes. Outside this region,
the excess is consistent with gDM ∼ gSM ∼Oð1Þ. Owing to
the off-shell suppression of the production cross section,
these searches cannot place relevant constraints on the
region below MA < 2mDM.
Our observed limit for the MT2 search is approximately
2σ weaker than our expected limit. This is compatible with
Ref. [36], where the observed limit for direct production of
light squarks is also weaker than expected. In contrast,
expected and observed limits are similar for the monojet
analysis. This suggests that the weaker limit is caused by
statistical fluctuations in the background estimates in some
of the phase space regions probed by the MT2 search that
are inaccessible to the monojet search. Of course, we
cannot exclude the possibility that a DM signal causes the
weaker limit, but given that this is a 2σ effect, additional
data are required to draw any significant conclusion.
Even with a ∼2σ weaker observed limit than expected,
the MT2 search still excludes a significant fraction of the
Fermi-LAT excess region for 2mDM ≲MA ≲ 400 GeV. For
gSM ¼ 2, MT2 excludes all of the excess region above
MA ¼ 107 GeV (left panel), while for gDM ¼ 1 mediator
masses compatible with the excess above 177 GeV (middle
panel) are excluded. The right panel shows thatMT2 is able
to exclude all of the excess region for gDM < 0.93 for an
illustrative mediator mass of MA ¼ 150 GeV. In these
panels, we assumed that mDM ¼ 45 GeV, but similar
conclusions are found for values up to mDM ¼ 65 GeV.
In fact, Fig. 1 demonstrates that the MT2 limits have little
dependence on mDM for mDM ≲ 125 GeV.
To illustrate how the Fermi-LAT excess parameter space
might be probed in the future, we also provide projected
sensitivities of the MT2 search. The basis for these
extrapolations are the 8 TeV limits, which are rescaled
assuming that the underlying performance of the search in
terms of signal efficiency and background suppression
remains unchanged. These assumptions were also used in
Ref. [16] and form the basis of Collider Reach [37]. Figure 2
shows the projected limits for an early start-up scenario
assuming 13 TeV and 30 fb−1 (black dashed line) and a
long-term scenario with 13 TeV and 300 fb−1 (black dot-
dashed line). The increase in energy and luminosity will
enable this search to significantly increase its sensitivity.
Assuming that search performance is maintained, it will be
possible to probe almost all of the region MA > 2mDM
compatible with the Fermi-LAT excess.
Finally, we see that the projected limits do not constrain
the region MA < 2mDM. This implies that this search will
not be able to probe the “cascade-annihilation” models that
explain the Fermi-LAT excess (see, e.g., [38]). In these
models, a pair of mediating particles are produced on shell,
requiring MA < mDM.
Discussion.—Although the monojet search is the most
prominent search for DM at the LHC, we have shown that
the multijet plus ET search, MT2, provides more stringent
constraints on DM production for a pseudoscalar mediator.
The additional sensitivity of the multijet search originates
from binning the search into categories of jet-multiplicity
and kinematic variables like HT and MT2, as well as from
extending to higher jet multiplicities than the one- or two-
jet final state probed by the monojet search. This is
especially relevant for gluon-fusion-produced signal mod-
els, including the pseudoscalar model discussed here and
models with a scalar mediator. POWHEG has the exact top-
quark mass dependence for DM pair production and
one parton in the final state. Topologies with higher jet
multiplicities rely on the parton shower for additional jets,
which could introduce uncertainty not fully accounted by
our analysis. To estimate the impact of the parton shower
producing too many energetic jets, we performed a
reweighting of the jet-multiplicity distribution of the signal
events. As an extreme variation, we consider the scenario
where all 3–5 jet events are moved to the two-jet categories
(while keeping other kinematic variables fixed) and find
that the resulting limit is still contained in the expected1σ
bands in Fig. 2. The robustness of the MT2 search against
such variations arises from the design criteria of inclusive
searches, which typically require that final states with
differing jet multiplicity have a similar sensitivity.
Therefore, signal events assigned to the wrong category
contribute to the analysis with a similar weight and thus
maintain the overall performance of the search. Although
we find that our conclusions are unchanged by this
reweighting, it would be highly desirable to have theoreti-
cal tools that include the full top-quark mass dependence in
events with multiple partons in the final state.
The Fermi-LAT gamma-ray excess remains an enigma. It
may be straightforwardly explained with simple DM
models involving the exchange of an s-channel pseudo-
scalar mediator, but unfortunately, the Fermi-LAT data are
not sufficient to exclude mundane explanations with
astrophysical sources. A DM signal in a complementary
experiment is required to confirm a DM origin.
Confronting the MT2 limits against parameter space
favored by the Fermi-LAT excess shows that the LHC
provides crucial input on pseudoscalar models. We dem-
onstrated that, for MA > 2mDM, much of the parameter
space is already constrained. Our 13 TeV projections
indicate that essentially all of the region MA > 2mDM will
be probed by the next LHC run.
As multijet searches consider events with at least two jets
in the final state, the overlap with monojet searches, which
allow up to two jets in the final state, is small. For this
reason, we strongly recommend that the phase space
covered by monojet and multijet searches is combined in
a single search to further improve the sensitivity of the LHC
to DM production.
PRL 115, 181802 (2015) P HY S I CA L R EV I EW LE T T ER S
week ending
30 OCTOBER 2015
181802-4
The authors are grateful for discussions at the Institute for
Particle Physics Phenomenology (IPPP) Senior Fellowship
Meeting at the University of Bristol and to Matt Dolan, Uli
Haisch, and Tim Tait for comments on an early version of
this Letter. The work of O. B. and S.M. is supported in part
by the London Centre for Terauniverse Studies (LCTS),
using funding from the European Research Council via the
Advanced Investigator Grant No. 267352. The work of B. P.
is supported by an Imperial College Junior Research
Fellowship. C.M. is supported by the ERC starting grant
WIMPs Kairos and is grateful to Mainz Institute for
Theoretical Physics (MITP) for its hospitality and partial
support during parts of this work.
*oliver.buchmueller@cern.ch
†smalik@cern.ch
‡c.mccabe@uva.nl
§bjoern.penning@cern.ch
[1] G. Bertone, Nature (London) 468, 389 (2010).
[2] L. Goodenough and D. Hooper, arXiv:0910.2998; D. Hooper
and L. Goodenough, Phys. Lett. B 697, 412 (2011);
D. Hooper and T. Linden, Phys. Rev. D 84, 123005
(2011); K. N. Abazajian and M. Kaplinghat, Phys. Rev. D
86, 083511 (2012); D. Hooper and T. R. Slatyer, Phys. Dark
Univ. 2, 118 (2013); C. Gordon and O. Macias, Phys. Rev. D
88, 083521 (2013); O. Macias and C. Gordon, Phys. Rev. D
89, 063515 (2014); T. Daylan et al., arXiv:1402.6703;
B. Zhou, Y.-F. Liang, X. Huang, X. Li, Y.-Z. Fan, L. Feng,
and J. Chang, Phys. Rev. D 91, 123010 (2015); S. Murgia
(unpublished); P. Agrawal, B. Batell, P. J. Fox, and R. Harnik,
J. Cosmol. Astropart. Phys. 05 (2015) 011.
[3] F. Calore, I. Cholis, and C. Weniger, J. Cosmol. Astropart.
Phys. 03 (2015) 038; F. Calore, I. Cholis, C. McCabe, and
C. Weniger, Phys. Rev. D 91, 063003 (2015).
[4] K. Schmidt-Hoberg, F. Staub, and M.W. Winkler, Phys.
Lett. B 727, 506 (2013); M. J. Dolan, F. Kahlhoefer, C.
McCabe, and K. Schmidt-Hoberg, J. High Energy Phys. 03
(2015) 171.
[5] M. Freytsis and Z. Ligeti, Phys. Rev. D 83, 115009 (2011);
K. R. Dienes, J. Kumar, B. Thomas, and D. Yaylali, Phys.
Rev. D 90, 015012 (2014).
[6] C. Boehm, M. J. Dolan, C. McCabe, M. Spannowsky, and
C. J. Wallace, J. Cosmol. Astropart. Phys. 05 (2014) 009.
[7] H. Zhang, Q.-H. Cao, C.-R. Chen, and C. S. Li, J. High
Energy Phys. 08 (2011) 018; M. Beltran, D. Hooper, E. W.
Kolb, Z. A. Krusberg, and T. M. Tait, J. High Energy Phys.
09 (2010) 037; J. Goodman, M. Ibe, A. Rajaraman,
W. Shepherd, T. M. P. Tait, and H.-B. Yu, Phys. Lett. B
695, 185 (2011); Phys. Rev. D 82, 116010 (2010); A.
Rajaraman, W. Shepherd, T. M. Tait, and A. M. Wijangco,
Phys. Rev. D 84, 095013 (2011); P. J. Fox, R. Harnik, J.
Kopp, and Y. Tsai, Phys. Rev. D 85, 056011 (2012).
[8] Y. Bai, P. J. Fox, and R. Harnik, J. High Energy Phys. 12
(2010) 048.
[9] V. Khachatryan et al. (CMS Collaboration), Eur. Phys. J. C
75, 235 (2015).
[10] G. Aad et al. (ATLAS Collaboration), Eur. Phys. J. C 75,
299 (2015).
[11] M. R. Buckley, D. Feld, and D. Goncalves, Phys. Rev. D 91,
015017 (2015).
[12] P. Harris, V. V. Khoze, M. Spannowsky, and C. Williams,
Phys. Rev. D 91, 055009 (2015).
[13] U. Haisch and E. Re,J. High Energy Phys. 06 (2015)
078.
[14] U. Haisch, F. Kahlhoefer, and J. Unwin, J. High Energy
Phys. 07 (2013) 125; P. J. Fox and C. Williams, Phys. Rev.
D 87, 054030 (2013).
[15] U. Haisch, F. Kahlhoefer, and E. Re, J. High Energy Phys.
12 (2013) 007.
[16] O. Buchmueller, M. J. Dolan, S. A. Malik, and C. McCabe,
J. High Energy Phys. 01 (2015) 037; S. Malik et al.,
arXiv:1409.4075 [Phys. Dark Univ. (to be published)].
[17] G. D’Ambrosio, G. Giudice, G. Isidori, and A. Strumia,
Nucl. Phys. B645, 155 (2002).
[18] J. Goodman and W. Shepherd, arXiv:1111.2359; I. M.
Shoemaker and L. Vecchi, Phys. Rev. D 86, 015023
(2012); O. Buchmueller, M. J. Dolan, and C. McCabe, J.
High Energy Phys. 01 (2014) 025; G. Busoni, A. De Simone,
E. Morgante, and A. Riotto, Phys. Lett. B 728, 412 (2014);
G. Busoni, A. De Simone, J. Gramling, E. Morgante, and A.
Riotto, J. Cosmol. Astropart. Phys. 06 (2014) 060; G. Busoni,
A. De Simone, T. Jacques, E. Morgante, and A. Riotto, J.
Cosmol. Astropart. Phys. 09 (2014) 022.
[19] J. F. Gunion, H. E. Haber, G. L. Kane, and S. Dawson,
Front. Phys. 80, 1 (2000).
[20] The regime BRðA → χχ¯Þ≪ 1 may be probed in bb¯þ A
searches, where A → τþτ−, μþμ− [39].
[21] S. Chatrchyan et al. (CMS Collaboration), Eur. Phys. J. C
73, 2568 (2013); J. High Energy Phys. 01 (2013) 077; Phys.
Rev. Lett. 107, 221804 (2011); V. Khachatryan et al. (CMS
Collaboration), Phys. Lett. B 698, 196 (2011).
[22] V. Khachatryan et al. (CMS Collaboration), J. High Energy
Phys. 05 (2015) 078; S. Chatrchyan et al. (CMS Collabo-
ration), J. High Energy Phys. 1210 (2012) 018.
[23] S. Chatrchyan et al. (CMS Collaboration), Phys. Rev. Lett.
111, 081802 (2013).
[24] S. Chatrchyan et al. (CMS Collaboration), J. High Energy
Phys. 08 (2011) 155; Phys. Rev. Lett. 109, 171803 (2012);
J. High Energy Phys. 06 (2014) 055.
[25] O. Buchmueller and P. de Jong (Particle Data Group:
Supersymmetry, Part II (Experiment)), Chin. Phys. C 38,
090001 (2014).
[26] P. J. Fox, R. Harnik, R. Primulando, and C.-T. Yu, Phys.
Rev. D 86, 015010 (2012).
[27] CMS Collaboration, Report No. CMS-PAS-EXO-14-004,
2015.
[28] P. Nason, J. High Energy Phys. 11 (2004) 040; S. Frixione,
P. Nason, and C. Oleari, J. High Energy Phys. 11 (2007)
070; S. Alioli, P. Nason, C. Oleari, and E. Re, J. High
Energy Phys. 06 (2010) 043.
[29] T. Sjostrand, S. Mrenna, and P. Z. Skands, Comput. Phys.
Commun. 178, 852 (2008); T. Sjostrand, S. Mrenna, and
P. Z. Skands, J. High Energy Phys. 05 (2006) 026.
[30] J. de Favereau, C. Delaere, P. Demin, A. Giammanco, V.
Lemaître, A. Mertens, and M. Selvaggi (DELPHES 3
Collaboration), J. High Energy Phys. 02 (2014) 057; S.
Ovyn, X. Rouby, and V. Lemaitre, arXiv:0903.2225.
[31] J. M. Siegal-Gaskins, Proc. Natl. Acad. Sci. U.S.A. 112,
12272 (2015); K. N. Abazajian, J. Cosmol. Astropart.
PRL 115, 181802 (2015) P HY S I CA L R EV I EW LE T T ER S
week ending
30 OCTOBER 2015
181802-5
Phys. 03 (2011) 010; D. Hooper, I. Cholis, T. Linden, J.
Siegal-Gaskins, and T. Slatyer, Phys. Rev. D 88, 083009
(2013); E. Carlson and S. Profumo, Phys. Rev. D 90,
023015 (2014); J. Petrovic, P. D. Serpico, and G. Zaharijas,
J. Cosmol. Astropart. Phys. 10 (2014) 052; J. Petrovic,
P. D. Serpico, and G. Zaharijas, J. Cosmol. Astropart.
Phys. 02 (2015) 023; I. Cholis et al., arXiv:1506.05119.
[32] R. Bartels, S. Krishnamurthy, and C. Weniger, arXiv:
1506.05104; S. K. Lee, M. Lisanti, B. R. Safdi, T. R.
Slatyer, and W. Xue, arXiv:1506.05124.
[33] A. Alves, S. Profumo, F. S. Queiroz, and W. Shepherd,
Phys. Rev. D 90, 115003 (2014); A. Hektor and L. Marzola,
Phys. Rev. D 90, 053007 (2014); A. Berlin, D. Hooper, and
S. D. McDermott, Phys. Rev. D 89, 115022 (2014); E.
Izaguirre, G. Krnjaic, and B. Shuve, Phys. Rev. D 90,
055002 (2014); D. Cerdeno, M. Peiro, and S. Robles, J.
Cosmol. Astropart. Phys. 08 (2014) 005; S. Ipek, D.
McKeen, and A. E. Nelson, Phys. Rev. D 90, 055021
(2014); T. Han, Z. Liu, and S. Su, J. High Energy Phys.
08 (2014) 093; C. Arina, E. Del Nobile, and P. Panci, Phys.
Rev. Lett. 114, 011301 (2015); C. Cheung, M. Papucci,
D. Sanford, N. R. Shah, and K. M. Zurek, Phys. Rev. D 90,
075011 (2014); J. Huang, T. Liu, L.-T. Wang, and F. Yu,
Phys. Rev. D 90, 115006 (2014); K. Ghorbani, J. Cosmol.
Astropart. Phys. 01 (2015) 015; M. Cahill-Rowley, J.
Gainer, J. Hewett, and T. Rizzo, J. High Energy Phys. 02
(2015) 057; J. Guo, J. Li, T. Li, and A. G. Williams, Phys.
Rev. D 91, 095003 (2015); J. Cao, L. Shang, P. Wu, J. M.
Yang, and Y. Zhang, Phys. Rev. D 91, 055005 (2015); M.
Freytsis, D. J. Robinson, and Y. Tsai, Phys. Rev. D 91,
035028 (2015); D. Cerdeno, M. Peiro, and S. Robles, Phys.
Rev. D 91, 123530 (2015); A. Berlin, S. Gori, T. Lin, and
L.-T. Wang, Phys. Rev. D 91, 115002 (2015).
[34] J. Read, J. Phys. G 41, 063101 (2014).
[35] M. Ackermann et al. (Fermi-LAT Collaboration), Astro-
phys. J. 809, L4 (2015).
[36] J. Abdallah et al., arXiv:1409.2893.
[37] G. Salam and A. Weiler, http://collider‑reach.web.cern.ch/.
[38] C. Boehm, M. J. Dolan, and C. McCabe, Phys. Rev. D 90,
023531 (2014); P. Ko, W.-I. Park, and Y. Tang, J. Cosmol.
Astropart. Phys. 09 (2014) 013; M. Abdullah, A. DiFranzo,
A. Rajaraman, T. M. P. Tait, P. Tanedo, and A. M. Wijangco,
Phys. Rev. D 90, 035004 (2014); A. Martin, J. Shelton, and
J. Unwin, Phys. Rev. D 90, 103513 (2014); A. Berlin, P.
Gratia, D. Hooper, and S. D. McDermott, Phys. Rev. D 90,
015032 (2014); J. Liu, N. Weiner, and W. Xue, J. High
Energy Phys. 08 (2015) 050; T. Gherghetta, B. von Harling,
A. D. Medina, M. A. Schmidt, and T. Trott, Phys. Rev. D 91,
105004 (2015); A. Rajaraman, J. Smolinsky, and P. Tanedo,
arXiv:1503.05919.
[39] J. Kozaczuk and T. A. W. Martin, J. High Energy Phys. 04
(2015) 046.
PRL 115, 181802 (2015) P HY S I CA L R EV I EW LE T T ER S
week ending
30 OCTOBER 2015
181802-6
